ABSTRACT: An entomological study was conducted in a Leishmania infantum focus, including the identification of the sand fly species, the detection and the characterization of Leishmania DNA in female sand flies, and blood meal origins in engorged sand flies. A total of 643 sand flies (31% female, 69% male) was identified based on their morphological features or molecular markers. Ten different species were identified, with Phlebotomus perniciosus, the confirmed vector of L. infantum, being the most abundant (56%), P. papatasi in 25% of sand flies, the unique vector species of L. major, and P. longicuspis in 7% of cases, the suspected second vector of L. infantum. Moreover, the infection rate was 3.4% in P. perniciousus, P. papatasi, P. longicuspis, and Sergentomya minuta. Also, L. infantum was identified in five unfed P. perniciosus and two P. longicuspis. Our results suggest the vector role of P. perniciosus and P. longicuspis in the transmission cycle of L. infantum. The DNA of four mammalian species (human, rabbit, horse, and cow) was identified in the blood meals of sand flies, suggesting that these species are potential reservoirs of leishmaniasis, though it is not yet fully elucidated (especially for . We suggest the existence of different transmission cycles of L. infantum involving different species of sand flies and hosts. Journal of Vector Ecology 43 (2): 321-327. 2018.
INTRODUCTION
The two clinical forms of leishmaniasis that occur in Tunisia are caused by three Leishmania species: L. infantum, L. major, and L. killicki. The last two taxa exclusively cause cutaneous leishmaniasis (CL) and their transmission cycles have been elucidated. Indeed, the fat sand rat Psamomys obesus and Shaw's jird Meriones shawi are the reservoir hosts with Phlebotomus (P) papatasi as the vector of L. major. The transmission cycle of CL due to L. killicki has been established recently with P. sergenti as vector and Ctenodactylus gondii as the reservoir (Jaouadi et al. 2011 . However, L. infantum can cause different clinical aspects ranging from a located and spontaneous curable lesion to the general and fatal visceral leishmaniasis (VL) if untreated. This makes L. infantum the most pathogenic species in Tunisia with about 300 cases observed per year (Aoun et al. 2000) . Leishmania infantum is no longer endemic only in the north of Tunisia as it has extended to the center of the country , Haoua et al. 2012 , Chargui et al. 2013 . Furthermore, L. infantum has a different transmission cycle that has not been completely elucidated and identified due to the presence of different taxa within L. infantum. Using the isoenzymatic method, three taxa (zymodems) were identified within L. infantum in Tunisia (MON-1, . All of them could coexist in the same focus at different rates. With the analysis of about 500 identified strains of L. infantum (Aoun et al. 2000 , Belhadj et al. 2003 , Kallel et al. 2008 , the zymodeme MON-1 (53.3%) was the most frequent, followed by MON-24 (43.5%) and . Only the transmission cycle of MON-1 has been elucidated with the domestic dog as a reservoir and P. perniciosus as the vector, but those of MON-24 and MON-80 are still not confirmed. Indeed, neither the vector nor the reservoir has been determined for L. infantum MON-24 and MON-80. In rare cases, strains of MON-24 were isolated from two dogs in Morocco (Haralambous et al. 2007 ) and in Algeria (Benikhlef et al. 2004) . Leishmania DNA was detected in P. longicuspis (Berdjane-Brouk et al. 2012) . However, neither Leishmania parasite has been isolated in mammal reservoirs in Tunisia except for human samples. Aiming for a better understanding of the epidemiological status of L. infantum in Tunisia, we conducted an entomological study in a recently confirmed L. infantum focus by analyzing the sand fly population, detecting infected ones, and identifying blood meal origin in engorged sand flies.
MATERIALS AND METHODS

Study area
The study was conducted in the Governorate of Monastir, located in central-east Tunisia (35°31'/35°36'N; 10°39'/10°47'E) at 1 m above sea level in an area of about 1,024 km 2 and a human population of 479,000. The terrain is generally flat with many olive plantations. The climate is semi-arid with an annual average rainfall of 346 mm. The average temperature ranges between 21° C and 32° C in summer and between 7° C and 16° C in winter. The animal fauna is composed primarily of pet animals (dogs and cats) and livestock (cattle, sheep, horses, and poultry).
Sand fly collection and morphological identification
Sand fly sampling was carried out during the period of their peak activity (from June to August, 2014) in six different delegations of Monastir province where positive CL and VL cases were observed. Phlebotomine sand flies were caught using sticky traps (21-29.7 cm paper sheets coated with castor oil) and Centers for Disease Control and Prevention (CDC) miniature light traps, made in our laboratory, at eight different sampling sites. At each site, four CDC traps and ten sticky papers were set for one night, from 18:00 to 06:00 every week for 12 weeks. Sand fly specimens were stored in 96% ethanol. Abdomens were observed under a microscope to evaluate the blood meal stage (engorged, unfed, or gravid). The head and posterior part of the abdomen of a single sand fly were cut off in a drop of ethanol, then cleared in boiling Marc-André solution and mounted between slide and cover slide for morphological identification. The remaining parts (thorax, wings, legs, and abdomen) were stored in 50 μl PBS1X at -20° C before DNA extraction for molecular analysis. Species identification was conducted by examining the head and the spermathecae (females) or the head and the genitalia (males). The females belonging to the subgenus Larroussius were identified by observing the base of the spermathecal ducts according to Leger et al. (1983) . Phlebotomus perniciosus males were identified by counting the number of coxite hairs (Pesson et al. 2004 ) and by examining the copulatory valves (aedeagi) recorded (Boudabous et al. 2012) . Phlebotomus riouxi females were distinguished from the closely related P. chabaudi by the presence of antero-lateral teeth of the pharyngeal armature , Bounamous et al. 2008 ). All morphological criteria were collected and published by Niang et al. (http://bioinfo-web.mpl.ird.fr/ identiciels/phlebotomes/html J.-A. /index.html).
Leishmania detection and identification
Genomic DNA from the thorax, wings, legs, and abdomen of female sand flies was extracted using a QI02Amp DNA Mini Kit (Qiagen, Germany). In addition to classic controls (negative with water and positive with in vitro cultured Leishmania), a negative control (male sand fly DNA) and positive control (male sand fly with 20 Leishmania) were added to confirm specificity of PCR with phlebotomine DNA samples. A PCR procedure was performed as described previously ) by combining two PCR methods: a PCR-ITS1 method was conducted first (Schönian et al. 1996) , and if positive, the Leishmania species was determined by SSCP (Single Strand Conformation Polymorphism). Ten µL of PCR-ITS1 products were denaturated and electrophoresed in 8% polyacrylamide gel as described by Sambrook et al. (1989) for 17 h at 4° C and 200 V. The bands were visualized with silver stain (El Tai et al. 2000) . If negative, PCR Lei (Spanakos et al. 2002) was used for Leishmania DNA detection without possible species identification. Also, to confirm PCR results, PCR products were sequenced and the obtained sequences were processed and homologies with the available sequences contained in GenBank were checked by using the Basic Local Alignment Search Tool (BLAST). Assignment was considered complete when we found a match of 98% or more between our sequences and those in GenBank.
Molecular species identification of phlebotomine sand flies
Molecular identification of sand flies was used when it was not possible to do so morphologically. A 360-bp region of the 12S ribosomal RNA small subunit DNA was amplified using genomic DNA with primers 12S-F: 5-AAACTAGGATTAGATACCCT-3 and 12S-R: 5-AATGAGAGCGACGGGCGATGT-3 as described by Beati et al. (2004) , then sequenced using the MWG-Biotech sequencing service (Ebersberg, Germany) and compared to published sequences in GenBank. The GenBank accession numbers of phlebotomine 12S ribosomal RNA sequences are from EF613321 to EF613327.
Blood meal identification
To identify the blood meals ingested by sand flies, a 333pb region of the prepronociceptin (PNOC) gene was amplified by PCR as described by Murphy et al. (2001) . The reaction was performed in a final volume of 50 µL containing 1µL of sample or control DNA, 1× PCR buffer, 3 mmol/L of MgCl 2 , 400 mol/L of each deoxynucleotide, 2 units of Taq DNA polymerase, and 30 pmol of each primer (PNOC-F: 5-GCATCCTTGAGTGTGAAGAGAA-3, PNOC-R: 5-TGCCTCATAAACTCACTGAACC-3). A male specimen was used as a negative control. DNA products were then sequenced and compared to published sequences in GenBank. Data were treated with the EXCEL program and analyzed by the SPSS 17 program to build cross and frequency tables.
RESULTS
Phlebotomine sand fly fauna
A total of 634 sand flies (31% females, 69% males) was captured with CDC miniature light traps (67%) and sticky papers (23%) installed in different stations. Female sand flies were unfed (67%), gravid (11%), or engorged (22%). Species identification was conducted morphologically for almost all sand flies (92%). In addition, the molecular method with PCR 12S followed by sequencing was conducted on thirteen females in which morphological identification was not possible or difficult. Ten species of sand flies were identified: seven species belonging to the Phlebotomus genus (P. perniciosus, P. papatasi, P. chabaudi, P. longicuspis, P. riouxi, P. perfilewi, and P. sergenti) and three belonging to the Sergentomyia genus (S. minuta, S. fallax, and S. dryfessi) ( Table 1) . Phlebotomus perniciosus was the most abundant species (56%), followed by P. papatasi (25%), P. longicuspis (7%), P. chabaudi (2.4 %), P. sergenti (0.9%), P. riouxi (0.5%), and P. perfilewi (0.5). Furthermore, 7.5% of sand flies were of the genus Sergentomya.
Leishmania-infected sand flies and parasite typing
One hundred ninety-nine female sand flies were tested for the presence of Leishmania DNA belonging to P. papatasi (68), P. perniciosus (58), P. longicuspis (28), S. minuta (14), P. chaboudi (15), S. fallax (7), P. sergenti (3), and S. drysfessi Among infected sand flies, 87% were unfed and 13% were engorged (Table 3) . Also, Leishmania species identification was possible by PCR-SSCP conducted on positive PCRITS products. L. infantum infection was detected in five unfed P. perniciosus and two unfed P. longicuspis. L. major was identified in three unfed P. papatasi. PCR-sequencing was conducted to confirm SSCP results in three DNA products and showed 96% homology with L. infantum (accession number FJ497004).
Blood meal origin in engorged sand flies DNA was extracted from 48 individual blood-fed sand flies (24.1%) and used as a template in the mammal species PNOC gene PCR amplification. Eight positive PCR products were sequenced, edited, and compared to the GenBank database and were successfully identified to species level with a match of at least 98%. The identified blood meal samples were from Bos taurus (accession number NM174150) in three sand flies, from Equus caballus (KM521860) and from Homo sapiens (LT735087) in two cases each, and from Oryctolagus cuniculus (XM008249163) in one case. Successful blood meal identification was possible in P. papatasi, P. perniciosus, and P. longicuspis (Table 4) .
Eight sequences identified in this study have been deposited in GenBank under the following accession numbers: MH 686280 for the Lei70 gene, MH686281 for the ITS gene, and MH 686282-7 for the 12S gene.
DISCUSSION
We investigated all parameters of the Leishmania transmission cycle (parasite, vector, and reservoir) by identifying the sand fly species, the Leishmania species in infected sand flies, and the blood meal origins in engorged sand flies to determine suspected reservoirs. A total of 634 sand flies was caught in eight different stations, and most involved in the transmission of leishmaniasis belonged to the genus Phlebotomus (92.5%), including P. perniciosus, P. papatasi, P. chabaudi, P. longicuspis, P. riouxi, P. sergenti, and P. perfilewi. Other identified phlebotomine sand flies were of Sergentomyia genus (S. minuta, S. dryfessi, and S. fallax). Also, the most predominant species were of the sub-genus Phlebotomus (Larrousius) (63%), the suspected vector of L. infantum in Mediterranean foci (Killick-Kendrick 1990 , Ready 2010 ) with three different species: P. perniciosus (56%), P. longicuspis (7%), and P. perfilewi (0.5%). Phlebotomus papatasi (25%) was the next most abundant species, the proven vector of L major. This result is in agreement with that of a previous work conducted in 2005 (Boudabous et al. 2009 ) confirming the high density of visceral leishmaniasis vectors in this region. Moreover, 3.4% of sand flies were found infected with Leishmania. This infection rate has an important impact on increasing the risk of Leishmania in humans. Furthermore, L. infantum was identified in six unfed sand flies belonging to P. perniciosus (5) and to P. longicuspis (1). Our results support the existence of different L. infantum transmission cycles in Tunisia involving different species of sand flies. Indeed, P. perniciosus is the unique confirmed vector by isolation of L. infantum MON-1 (Izri et al. 1990 ). Leishmania DNA was detected in other species as P. perfilewi (Izri and Belazzoug 1993) , P. longicuspis (Berdjane-Brouk et al. 2012) . In Tunisia, we suggest that P. longicuspis, similar to P. perniciosus, could have a role as a vector of L. infantum and that different transmission cycles coexist as found before, including other P. (Larrousius) species (Guerbouj et al. 2007, (Jaouadi et al. 2015) . Furthermore, the identification of blood meals in engorged sand flies is useful in epidemiological studies to identify potential reservoirs in unknown transmission cycles. Here, we successfully identified blood meal origin from only ten sequences (20.8%). This result could be because of the small amount of blood taken by sand flies from their hosts, as shown before (Svobodova and Votýpka 2003) . Also, the identification of blood meals is directly linked to the blood digestion level (fresh, digested, or partially digested blood) as proven before (Haouas et al. 2007 ). In our study, blood meals belonged to four different mammalian species (human, rabbit, horse, and cow), making these species potential reservoirs. This result proves that the confirmed reservoir of L. infantum MON-1 (the dog) was not at the origin of infection in the studied area, making other species potential reservoirs and suggesting the co-occurrence of different transmission cycles of L. infantum. Even though Leishmania DNA was detected in wild rabbits in Spain (Jiménez et al. 2014 ) and Leishmania braziliensis antibodies were found in Brazilian equids (Truppel et al. 2014) , only the detection of viable parasites would confirm the role of these mammalian species as reservoirs. We used morphological and molecular methods to identify patterns of the Leishmania transmission cycle (vector, parasite, and reservoir) . This data is needed to better know and to follow-up on Leishmania foci. Furthermore, the estimation of the infection rate is important since it reflects the degree of exposure risk for humans. Our results support the existence of different L. infantum transmission cycles in Tunisia involving different species of sand flies as vectors and suggest the role of many mammals as potential reservoirs. Specific analysis is needed by isolating Leishmania from sand flies and potential reservoirs. Table 4 . Blood meal origin in engorged sand flies.
